This work evaluates the performance optimization of heat recovery steam generator system in Afam VI power plant, Rivers State. Nigeria. Steady state monitoring and direct collection of data from the plant was performed including logged data for a period of 12 months. The data were analysed using various energy equations. Hysys software was used to model the temperature across the heating surfaces, and MATLAB software was used to determine the heat transfer coefficient, heat duties, steam flow, effectiveness of the HRSG. The optimization technique was carried out by varying the exhaust gas flow, exhaust gas temperature, steam pressure and the theoretical introduction of duct burner for supplementary firing. The results show that between 490˚C and 526˚C, the percentage increase in the overall heat absorbed in the HRSG is 37.39%. It also show that for an increase in the exhaust gas mass flow by 80 kg/s, the steam generation increase by 19.29% and 18.18% for the low and high pressure levels respectively. The overall result indicates an improvement in the HRSG energy efficiency and steam generation. As the exhaust gas mass flow and temperature increases, the steam generation and system effectiveness greatly improved under the various considerations, which satisfy the research objective.
gases. Heat recovery system is obviously a very desirable energy source, since the product is available almost operating cost-free and increases the efficiency of the cycle in which it is placed, either for steam generation or for incremental power generation. Heat recovery steam generator can regain energy from waste-gas streams, such as incinerator gases, furnace effluents or most commonly the exhaust of a gas turbine.
In modern operation of heat transfer equipment such as heat recovery steam generator (HRSG), the exit gas temperature determines the amount of energy extracted from the flue gas stream of the gas turbine. This is an indication of the HRSG performance. Therefore, efforts are often made to lower the stack temperature as much as possible taken into consideration cost effectiveness and low temperature corrosion. The modifications of a single pressure HRSG to multi-pressures have also improve the energy efficiency of the heat recovery steam generator unit [1] . Heat recovery steam generators can be made up from a number of components, including evaporators, economizers, superheaters, reheater, integral deaerators and preheaters. Each of the heat transfer sections performs a specific task, and the one that is selected are generally dictated by the required steam conditions for process use or power generation, the type of power generation and/or the efficiency requirement, weighed against HRSG costs.
Heat recovery steam generator evaporator sections act to vaporize water and produce steam in one component. A bank of finned tubes is extended through the gas turbine's exhaust gas path from a steam drum (top) to a lower (mud) drum. The gas turbine is a very satisfactory means of producing mechanical power [2] [3] . Feed water is carefully supplied at the appropriate pressure to the upper drum below the water level, and circulates from the upper to lower drum, back to the upper drum by convection within the finned tube.
The economizers are serpentine finned-tube gas-to water heat exchangers, and add sensible heat (preheat) to the feed water, prior to its entry into the steam drum of the evaporator. Different heat transfer applications require different types of hardware and different configurations of heat transfer equipment [4] . In single pressure HRSG, the economizer will be located directly downstream (with respect to gas flow) of the evaporator section. In multi-pressure unit, the various economizer sections may be split, and be located in several locations both upstream and downstream of the evaporators. The superheater is a separate serpentine tube heat exchanger which is located upstream (with respect to gas flow) of the associated evaporator. This component adds sensible heat to the dry steam, superheating it beyond the saturation temperature.
In gas turbine heat recovery steam generator, its performance is dependent on the gas turbine exit temperature, inlet gas temperature, feed water temperature and steam pressure. The low exhaust gas temperature generates less steam on unit gas mass basis in the HRSG evaporator unit [5] .
The HRSG is widely used equipment in various industries to which include process, power generation, and petroleum industry. The development of HRSG as a component part of the combined power cycle and cogeneration has improved power production and enhanced costs effectiveness within the sector. Energy and materials saving consideration, as well as economical consideration have stimulated the high demand for high efficient HRSG.
Meeting the growing requirement for cost-effective and undisturbed operation in today's economical environment drives power plants to reach for the best possible performance and higher availability. Power plants can no longer afford to operate without knowing the exact HRSG performances at all times or without taking immediate actions when problems occur. Even minor decreases in the HRSG efficiency and performance can cause significant financial and energy losses during the production phase of the plant. This called for several optimization techniques to maintain energy efficiency of the HRSG.
The hierarchical strategy implied for optimization of the whole combine-cycle power plant is as follows optimization of the gas turbine cycle, optimization of the operation parameters of the HRSG, and detailed optimization of the single heat exchanger section in the HRSG. One of the suggested ways to reach theoretically maximum efficiency is by increasing the turbine inlet temperature [6] . This requires a highly advanced cooling system to cool down the blades of the gas turbine. With existing technology levels, focus can be fixed on the HRSG, and its operating parameters to improve the efficiency of the combined-cycle plants. Optimization of the operating parameters of HRSG is the first step in the optimum design of the plants as stated in Franco and Russo [7] .
Reddy et al. [8] suggested a second law analysis of the heat recovery steam generator. This method is basically used to optimize and design various thermal units by minimizing the entropy generation in the unit. The operating parameters are non-dimensionalized, and an equation for the entropy generation number helps to study the effect of the dimensionless operating parameter.
Casarosa et al. [1] applied thermodynamic optimization technique which considered only the irreversibility due to temperature difference between hot and cold streams. Although this method did not apply any constraint on the cost of the HRSG, and on the surface area, it still gives a rough idea about the selection of operating parameters for the HRSG. Ongiro et al. [6] developed mathematical models to simulate and study the performance of the HRSG. Subhramanyam et al. [9] considered the computational complexity of the HRSG and how it could be model. The proposed method calculates the velocity and temperature fields by discretisation and the solution of conservation equation derived for a HRSG of particular geometry and duty.
Dumont and Heyen [10] suggested a mathematical model for modeling and designing a once-through heat recovery steam generator. In a conventional boiler, each tube plays a well defined role like water preheating, vaporization and superheating. Empirical equations are readily available to predict the average heat transfer in each region which is not the case in a once through boiler. This increases the mathematical complexity as well as the number of equations to be solved for modeling these boilers.
The even increasing technology is the field of HRSG, as a potential option to improve the efficiency of the system. This necessitates having a numerical flow model with the capability to simulate combustion and the flow in the HRSG model, as well as the flexibility to simulate those for different designs with acceptable accuracy.
Valdes et al. [11] performed a thermo economic optimization of combined cycle gas turbine power plants using a genetic algorithm. They proposed two different objective functions; aimed at minimizing the cost of production per unit electricity and maximizing the annual cash flow.
Mohammad et al. [12] performed an exergetic and economic evaluation of the effect of HRSG configurations on the performance of combined cycle power plants. Their result showed that an increase in the number of pressure levels affects the exergy destruction rate in the HRSG.
Attala et al. [13] optimize a dual pressure level combined cycle gas turbine. They worked with a simulation program that included three models; the first simulates the cycle, the second evaluates the thermodynamic and thermo-economic parameters and the third is the optimization model.
Subrahmanyam et al. [9] discussed about the various factors affecting the HRSG design for achieving the highest combined cycle efficiency with cheaper, economical and competitive designs and with the highest requirement to meet the shorter deliveries.
Casarosa et al. [1] determine the operating parameters using both thermodynamic and thermo-economic function by analytical and numerical (mathematical) methods.
Reddy et al. [8] applied second law analysis for a waste heat recovery steam generator which consists of an economizer, an evaporator and a superheater. Introducing multiple pressure steam generation in the HRSG of a combined power plant improves the performance of the plant than that of a corresponding single pressure system Bassily [14] modeled a dual and triple pressure reheat combined cycle with a preset for pinch points, the temperature difference for superheat approach, the steam turbine inlet temperature at steam turbine and the outlet without a dearator in steam bottoming cycle. Srinvivas [15] suggested an improved location for a deaerator in a triple pressure HRSG.
Mohagheghi and Shayegan [16] developed computer code to examine the competence for a variety of types of HRSG, from the thermodynamic optimization of the HRSG, they obtained a high rate of generating power in the steam cycle. Zhixin et al. [17] designed a condition of a single pressure waste heat recovery system when the temperature or flow rate of exhaust gas fluctuates; the results show that systems designed at the upper boundary of fluctuation range of exhaust gas could generate more power.
Manassaldi et al. [18] proposed a methodology which applied a mixed non linear program model to obtain the design according to their criteria; Net power maximization, the ratio between net power and material weight maximization, and the net heat transfer maximization.
Alus and Petrovic [19] performed an optimization of a triple pressure combined cycle gas turbine (CCGT). The objective of the optimization was to minimize the production cost of electricity in the CCGT power plant based on energetic and economic analysis. Ghazl et al. [20] carried out an optimization study to find the best design parameters (high and low degree pressures, steam mass flow rates, pinch point temperature difference and the duct burner fuel consumption flow rate) of a dual pressure combined cycle power. Total cost per unit of produced steam energy is defined as the objective function.
Vytla [21] performed a CFD modeling of the HRSG and its components using fluent. He focused on how CFD analysis can be used to assess the impact of the gas-side flow on the HRSG performance and identify design modification to improve the performance In this work a sensitivity analysis and parametric modulation were carried out and the modeling of the HRSG using a computer program was created to produce the equation that can predict the functionality and optimization of the HRSG.
The study area is the Niger Delta area of Nigeria which lies between latitudes 4˚N and 6˚N, and longitude 5˚E and 8˚E. The vegetation of the area is equatorial rain forest. There are basically two seasons-the wet (April to September) and the dry (October to March). However, rain fall throughout the year. The mean annual rainfall in the area is between 200 mm in the North and 400 mm in the South of the region. The mean daily temperature of the region varies slightly from 27˚C to 30˚C all the year round. The maximum and minimum temperatures are 40˚C and 20˚C respectively. The relative humidity varies between a minimum of 70% and a maximum of 90% [22] [23].
Material and Methods
Data collected from the Afam VI HRSG was done by direct observation from the monitoring screen of the automated system called human machine interface (HMI), including data from log books and manufacturers manual as shown in Table 1 and Table 2 . Such parameters include temperature of the flue gas, feed water pressure, mass flow rate, and ambient operating condition of the gas turbine. The Data obtained for this analysis are from the Afam VI power plant, Port Harcourt, Rivers State Nigeria. The design specification of the gas turbine and the dual heat recovery steam generator is shown below. of energy models to analyze the operating parameter of the HRSG is made. The total heat transfer may be related with its governing (operating) parameter. Hysys was used in simulating the temperature drop across the heating element in the HRSG, and MATLAB software was used to analysed the performance for optimization.
Heat Transfer Coefficients and Effectiveness Calculation Model
This method is based on heat transfer coefficients to obtain the heat transfer area for each heat exchanger in high and low pressure level of the dual pressure HRSG. The effectiveness of the heating surfaces in the HRSG is also calculated with Equations (3), (4) .
The overall heat transfer coefficient U by the total heat exchange area is calculated as follows (Ahmadi et al., [24] ): 
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Heat Duty Calculation Model
The first step to simulate the HRSG performance is to balance the mass and energy transfer between the hot and cold streams (gas side and water/steam side) on different heat exchanger when the designed parameters (the flow rate, temperature, pressure of superheated steam and outlet temp of the exhaust gases, the heat duty) can be obtained (Ahmadi P. and Dincer I. [25] ). The heat duty of the HRSG elements and the exhaust gas were modeled using the below energy equations. 
The temperature of the gas leaving the high pressure evaporator 
Results and Discussions
The result from the direct observation and measurement of the operating parameters of the HRSG, including data from the log book for the period under consideration are recorded in Table 1 . These give detail of an average daily reading recorded from the human machine interface (HMI). The data include the feed water pressure, feed water temperature, feed water mass flow, steam pressure, steam temperature, stack temperature and steam mass flow for the low and high pressure levels, while Table 2 show the average operating data of the gas turbine plant for the period under consideration. The data measured include the ambient temperature, pressure, humidity, fuel gas flow rate, exhaust gas mass flow. The Experiment platform was done through direct data monitoring on the human machine interface (HMI). See Appendix I for the experimental screen shot.
Hysys simulator was used to model the temperature gradient across the various heat exchanging units of the HRSG after several iterations. This gave the preliminary process of flow diagram, mass and energy balance at various gas turbine exhaust gas temperature and mass flow rate. For the normal operating mode; part load and base load, Tables 3-7 gives the heat exchange properties and performance detail.
A numerical method (MATLAB software) was also used to simulate the steam pressure, temperature, steam quality, effectiveness, and heat flux distribution for predicting the performance of the HRSG.
To calculate the performance of the heat exchangers in the HRSG in MATLAB, optimum performance was determined by sensitivity analyses of the varied parameters.
The optimum mode was modeled via sensitivity study by varying exhaust gas temperature and mass flow, steam pressure, steam flow from measurement. Tables 3-7 show the results of the modeled equations using MATLAB program. The model gave the heat duty, log mean temperature difference, the heat transfer coefficient for the heating surfaces of the HRSG at exhaust gas temperature of 490˚C, 500˚C, 510˚C, 520˚C, and 526˚C respectively.
The results in Tables 3-7 were plotted as shown in Figures 1-3 . The figures show the behavior of the heating elements in the HRSG. The heat duty of the element is plotted at different gas turbine exhaust gas temperature as shown in Figure 1 . This give the various heat absorbed capacity of the heating surfaces of the HRSG. Figure  2 gave the heat exchange trend within the HRSG system, while Figure 3 show the plot of the total heat exchange at different exhaust gas temperature of the gas turbine. Tables 8-11 show the results of the simulation for the exhaust gas temperature, HRSG effectiveness, steam Table 4 . HRSG performance analysis at exhaust gas temperature of 500˚C. generation analysis. The simulations were done by varying the parameters at various operating conditions. The modeled functions were the effectiveness at different steam pressure, effectiveness at different exhaust gas temperature, steam generation at different, exhaust gas flow and different steam pressure. Figure 1 , Figure 2 and Tables 3-7 show the absorbing capacity of the various heating element of the HRSG. The results give the amount of heat exchange in the superheater, economizer, and evaporator in both the low pressure and high pressure sections respectively. The plots show that HPSH2 had the highest heat exchange when the gas turbine exhaust gas temperature is 526˚C. At the exhaust gas temperature of 500˚C, the HPEVA had the highest heat exchange. The HPEVA give the same result when the exhaust gas temperature was at 520˚C and 490˚C reflectively. While when the exhaust gas temperature was 510˚C, the highest heat exchange occurred in the LPEVA.
From Figure 3 , the amount of heat absorbed increased as the exhaust gas increased. This shows that the temperature gradient of the exhaust gas of the gas turbine imparted greatly on the energy efficiency of the HRSG. The result shows that between 490˚C and 526˚C, the temperature difference was 36˚C and there is a percentage increase in the heat absorbed of about 37.39%. This represents an increase in heat absorption of 1.04% for every 1˚C increase in the gas turbine exhaust gas temperature at constant flow. Table 11 and Figure 4 , Figure 5 , showed the steam generated by varying the steam pressure at constant steam temperature and exhaust gas mass flow for the LP and HP sections. The LP steam pressure variation was carried out at 256˚C and 470 kg/s, while the HP was done at 510˚C and 470 kg/s. The result show that as the steam pressure increased from 4 bar to 12 bar for the LP and 80 bar to 120 bar for the HP, there exist a percentage increase in the steam generation of about 0.21% and 0.07% for the LP and HP respectively. This analysis represent that for every 1˚C increase in the steam pressure under the various consideration, the steam generation increased by 0.11% and 0.30% for the LP and HP section respectively.
It also shows the effectiveness of the HRSG LP and HP at different steam generation. The result indicated that for every 40 kg/s increase in the steam flow, the system effectiveness improved by about 13.3% in the LP section. The HP section shows that as the steam flow increased by 110 kg/s, the effectiveness of the system improved by 0.18%. The research indicated that the system effectiveness for the low pressure and high pressure level at different steam pressure. The result shows that as the steam pressure increased by 1bar, the effectiveness of the system decrease slightly by about 0.073%. Table 9 and Figure 6 showed the effectiveness of the heating surface at different gas turbine exhaust gas temperatures. It indicates that at 526˚C, the HPSH1 show the highest effectiveness in heat exchange. At 520˚C, HPSH3 effectiveness was about 91%, while at 510˚C and 490˚C, HPSH1 gave about 80% and 97% respectively. This represents that the heat exchange efficiency could be optimum at higher exhaust gas temperature and higher mass flow.
The results of the analysis were compared with the work of Mohammad et al. [12] and its show a similar trend in the temperature profile for both the gas-side and the water/steam side. Although Mohammad et al. [12] did not analysed the effectiveness of the heating surfaces and steam flow. Further comparison of simulated result was made with the work of Vytla [20] , where fluent was used to analysed the HRSG performance with 21 heating surfaces (heat Exchangers). The temperature profile of the gas-side of this work follows the trend with minimal variation. 
Conclusions
The work revealed the various parameters and energy based equations used in assessing the heat duty and effectiveness of the HRSG at various operating condition of the gas turbine exhaust in order to sustain its performance.
The sensitivity study carried out by varying the operating parameters, such as mass flow, steam pressure, exhaust gas temperature was analysed and the impact on the HRSG performance evaluated. The results for both the optimum mode and normal mode were compared. It provides a good improvement in the performance, especially in steam generation and heat exchange capacity. With this analysis, a predictive temperature distribution profile across the heating surfaces of the HRSG was established.
